As the source of chocolate, cacao has become one of the most important crops in the 22 world. The identification of molecular markers to understand the demographic history, 23 genetic diversity and population structure plays a pivotal role in cacao breeding programs. 24
Introduction 31
Theobroma cacao L, the tree from which chocolate is confectioned, originated in the 32 Amazonian basin [1] and has become a globally cultivated crop in recent times [2] . There are 33 more than 20 species within the Theobroma genus, which belongs to the Malvaceae family 34 [3] . T. cacao is the only species that is cultivated extensively because it can be manufactured 35 into chocolate, liquors, confections, cosmetics, and animal feed [4, 5] . Chemical and 36 archaeological evidence shows that human settlements have been consuming cacao since 37 1,400 BC [6, 7] . Since 900 BC T. cacao has been widely cultivated in Mesoamerica, which 38 is considered the center of domestication. Recent genetic work has supported these findings 39
suggesting that domestication of cacao occurred 3.6 Kya [8] . The domestication of cacao has 40 resulted in the development of an important crop that sustains the livelihood of communities 41 throughout Central and South America, Asia, and Africa [1, 9, 10] , and is the principal income for about six million smallholder farmers globally that produce up to 90% of the world's 43 cocoa [11] . 44 45 Cacao is a diploid species with a chromosome complement of 2n=20 [12] . Recently, genomic 46 resources have been developed to facilitate the study of the species evolutionary history, the 47 inference of the genetic basis of phenotypes of interest, and the development of marker 48 assisted breeding programs. There are two reference genomes that have been sequences from 49 different cultivars, the B97-61/B2 genome (Criollo), with an estimated size of 409 million 50 base pairs (Mbp) [13] and the Matina 1-6 genome (Amelonado), with an estimated genome 51 size of 445 Mbp [14] . In addition, Cornejo et al. 2017 [8] , performed whole genome 52 sequencing on 200 cultivars in order to understand the domestication process in this species. 53
Recently, approaches to infer genetic diversity in T. cacao have been completed using a small 54 panel of single nucleotide polymorphisms (SNPs, ranging from 87 to 6,000) developed with 55 a Fluidigm array system [15] [16] [17] . Also, using the information generated from a subset of the 56 200 cultivars project, an Ilumina Infinity II genotyping array of 13,530 markers was recently 57 developed [18] . However, it is well known that genotyping strategies based on arrays are 58 biased towards the capture of known specific loci in reference populations which introduces 59 ascertainment bias in the genotyping of samples from different origins [19] . There is a 60 growing interest in developing strategies to rapidly genotype accessions at a reduced cost in 61 order to perform extensive association studies and better identify accessions with specific 62 markers that will accelerate assisted breeding programs. 63
64
The generation of genomic resources in cacao has benefited from advances in sequencing 65 chemistry, cost reductions, and increased computational capacity to analyze data [20] . Yet, despite the general reduction of costs, the sequencing of complete cacao genomes remains a 67 costly approach for breeders and researchers. Due to the high cost of whole genome 68 sequencing, genotyping arrays are typically used. However, genotyping arrays suffer from 69 the aforementioned issues of ascertainment bias, which hinders the identification of novel 70 untapped genetic variation in the species. It has been shown that genotyping-by-sequencing 71 (GBS) is a cost effective and efficient methodology for the generation of a large number of 72 SNPs, while avoiding ascertainment biases [21, 22] . The genetic information generated by 73 GBS has been shown to facilitate robust studies of genetic diversity, population structure, 74 phylogeny, and association in a large number of plant and animal species [23-29] but have 75 never been applied to the study of T. cacao. The original protocol proposed for the digestion 76 and generation of reduced representation genomic libraries used the ApeKI enzyme [21] . 77 However, Cooke et al. (2016) [30], demonstrated that the use of enzymes that cut far from 78 the recognition site, such as BsaXI, increases the diversity of the library and therefore the 79 number and quality of reads sequenced. In the original protocol the restriction enzymes 80 would produce libraries with nearly identical initial sequence causing saturation of the image 81 capture during sequencing. To avoid this issue, the original protocol incorporated the barcode 82 in one of the adapter sequences upstream of the cut-site to introduce variation and minimize 83 the problems associated with saturation [31]. In the proposed protocol (taken from Cooke et 84 al. 2016 [30] ), the chosen enzyme generates libraries in which the initial sequence is random 85 due to the fact that the enzyme cuts 14 base pairs (bp) away from its recognition site. 86
87
In this work, we adapt and modify an existing GBS method [30] to generate a large number 88 of ancestry informative SNPs in cacao. We further show that the data generated produced 89 genetic diversity estimates consistent with what has been shown in previous work. We also 90 provide an estimate of the proportion of novel versus common SNPs (based on the relative 91 frequency of SNPs) that can be generated using the proposed methodology. Due to the lower 92 cost of generating this type of data we propose that this strategy could be widely used to 93 perform genetic diversity analysis on thousands of samples, facilitating association mapping 94 studies aimed at identifying the genetic basis of important agronomic traits in cacao such as 95 disease resistance and bean quality. (except for mismatch penalty -B 6). We performed quality assessment of the BAM files, 136 validation read groups, removal of PCR duplicates, and correction of mapping quality 137 assignment with Picard v2.18.9 [35] . The genome analysis toolkit (GATK) v3.8.1 [36] was 138 used to perform local realignment and base quality recalibration. We performed SNP calling 139 using the unified genotyper module in GATK to facilitate comparison with previous work. 140
Hard filters were applied to the data (quality by depth higher than 2, strand bias FS 60, Root 141 mean square of mapping quality 40.0) and only SNPs that passed the filters were retained. 142
143
For population structure analysis we used VCFtools v0.1.13 [37] to performed additional 144 variant filtering in which only bi-allelic variants with a minimum minor allele frequency 145 (MAF) greater than 0.05 were retained. Coverage statistics were obtained by analyzing these 146 loci with Plink-Seq v0.10 [38]. To analyze the types of mutations we used the program 147
SnpEff with the genome built in database [39] . The R scripts are provided in the GitHub of 148 the project. 
Results

188
In silico restriction enzyme digestion 189 To determine i) what the expected number of fragments to be sequenced was; and ii) to infer 190 how many of the sequenced fragments matched locations in the genome that were expected 191 from the digestion, we evaluated the distribution of fragments throughout the genome (S1 192 Fig) . Those sequenced regions that did not match the locations identified from the in silico 193 digest were considered off target. The in silico digestion was done considering two sets: 1) 194 lengths ranging from 200 to 700 bp generated a total of 5,479,477 bp ( Fig 1A) and 2) lengths 195 ranging from 200 to 1000 bp generated a total of 10,217,990 bp ( Fig 1B) . These represent 1 196 and 3% of the genome, which suggests that BsaXI is an appropriate cutter. We used the larger 197 range to evaluate overlap of sequenced target and predicted target. 
Genetic diversity analysis 236
The dataset was reduced to 7,009 SNPs after excluding markers showing: 1) more than 20% 237 missing data, 2) a MAF ≤ 0.05, 3) multi-allelic sites, 4) insertions and deletions. Expected the proportion of rare variants that would be missed if genotyping arrays were employed for detecting and characterizing genetic variation (Fig 3) . The SFS shows a variable pattern of 246 frequencies of alleles at intermediate minor allele counts, which is consistent with 247 unaccounted for population structure. populations. The other half of the individuals presented a variety of mixed ancestries (Fig 4) . 262
The analysis of bias and error supports a high level of precision in the assignment of ancestry 263 for the majority of the samples (S2 Fig A) . For the most part, bias in the assignment was 264 lower than 5%. However, LCTEEN23 presented a relatively higher bias (10%) in the 265 assignment to Nacional ancestry (S2 Fig B) . Standard error (SE) is relatively low overall 266 with the majority being below 0.05. Sample LCTEEN23 presented a relatively higher SE in 267 the assignment of Nacional ancestry (S2 Fig C) . In addition, pairwise allele (SNP) sharing distances were computed between all samples and 275 reference populations and PCA was used to illustrate the resulting pairwise distances (Fig 5) . 276
Plotting the two first axes showed that they capture the previously described genetic groups 277 with distinct clusters reflecting the different origin in cacao today. The first principal The need for inexpensive and accurate genotyping strategies is especially true when 293 considering that most cacao producers are located in developing countries with limited 294 resources. Some of the technologies developed for array genotyping, which have been 295 advanced by us and others, work well for the identification of known variants but are limited 296 in the ability to discover new and potentially informative variants. Genotyping-by-297 sequencing is a high-throughput, low-cost technology, which is useful for variant 298 identification in diverse species and populations and allows for the discovery of previously 299 unidentified variants [21, 49] . In this work, we have adapted and modified a GBS genotyping number of samples. The lack of overlap for some samples suggests that a large number of 312 fragments sequenced were off target. For example, GU 175.2 had a low percent of overlap 313 (5%), whereas UF 38 had 95% overlap with the in silico digest (Fig 2) . The number of 314 sequenced fragments overlapping with in silico predicted regions is likely explained by 315 variations in DNA quality that result from fragmentation during DNA extraction, prior to the 316 digestion. 317
318
We identified a large number of variants, 12,357 SNPs, that were retained after filtering. 319
Estimates of genetic variability are comparable with those estimated in previous studies of 320 cacao [18] . Enhanced SNP discovery, SNP quality, production steps, and optimization of 321 parameters improved the SNP detection when compared to those obtained from 96 SNPs 322 from small Fluidigm arrays or the 6K SNP array previously reported [15-17]; or even from 323 the 15K SNP arrays considering the fact that a large proportion of SNPs cannot be identified 324 with array systems. According to Romay et al. 2013 [50] , one important advantage of GBS 325 over the SNP array systems, is the MAF distribution. We are interested in the identification 326 of novel genetic variation that might prove to be useful in the identification of traits of interest 327 and much of this genetic variation may not be captured with genetic arrays. The allele 328 frequency distribution of variants identified using GBS followed an expected pattern with an 329 excess of rare variants (Fig 3) . More than 45% of bi-allelic variants were rare and the 330 populations and the impact of a well-known effect of allelic dropout in GBS datasets [30, 52] . 337
The pattern of population structure was further validated when ancestry and structure were 338 analyzed together with the reference panel set. To study the ancestry of the newly sequenced 339 samples 5,225 bi-allelic SNPs were successfully intersected with a reference panel, which 340 consisted of 79 fully sequenced genomes. The samples used for the reference set were 341 recently sequenced [8] and represent the 10 different genetic groups from the Upper Amazon, 342
Lower Amazon, Orinoco, and Guyana [45] . Our ancestry characterization of the newly 343 sequenced 30 samples was consistent with the known passport data for the accessions (S1 344   Table) . More specifically, accessions NA 26 and NA 189 were successfully assigned to the 345 Nanay group and both SCA 6 accessions were correctly assigned to Contamana, showing 346 that the procedure allows us to correctly identify their population of provenance. In the case 347 of admixed individuals, we could correctly assign ancestry to individuals with known 348 admixture patterns. For example, for ICS or UF individuals which are known to be a mix 349 between Criollo and Amelonado. These results make us confident that the generated data and to address these questions. 360
Conclusions
361
We have shown the increased potential for the identification of ancestry informative and 362 novel variants, which are useful for addressing questions about population demographic 363 history and genomic variation in Theobroma cacao. We were able to identify 12,357 SNPs 364 markers from only 30 samples, out of which 7,009 could be used for ancestry determination. 365
There is a need to increase our knowledge about cacao accessions throughout the world to 366 produce high yielding and disease resistance genotypes. Our results have practical 367 implications for the development of strategies for genotyping large numbers of accessions 368 with the aim of performing association mapping studies. In our future work, the GBS 369 technique will be refined to include a two digestion enzymes protocol to genotype larger 370 cacao collections and increase the number of common targets/SNPs identified with the 371 method. 
